Abstract The interaction of tumor cells with the tumor vasculature is mainly studied for its role in tumor angiogenesis and intravascular metastasis of circulating tumor cells. In addition, a specific interaction of tumor cells with the abluminal surfaces of vessels, or angiotropism, may promote the migration of angiotropic tumor cells along the abluminal vascular surfaces in a pericytic location. This process has been termed extravascular migratory metastasis.
Introduction
Mortality from melanoma is directly related to the metastatic potential of this neoplasm. The interaction of tumor cells with the tumor vasculature is mainly studied for its role in tumor blood supply (tumor angiogenesis) [1] , and intravascular metastasis of circulating tumor cells (CTC) [2, 3] . A third interaction of cancer cells with vessels has also been described through the association of melanoma cells (MC) with the abluminal surfaces of vessels, or angiotropism [4] . This interaction may also represent a crucial alternative in tumor progression, leading to the migration of angiotropic MC along the abluminal surfaces of vessels, a process termed extravascular migratory metastasis (EVMM). During EVMM, angiotropic MC migrate along the abluminal surfaces of vessels in a pericytic location, without intravasation, recapitulating embryonic migration in order to reach secondary sites [4] . Interestingly, angiotropism has been shown to be a prognostic factor for melanoma metastasis [4] [5] [6] , as well as a microscopic marker of EVMM in in vitro and in vivo experiments [4, [7] [8] [9] . Furthermore, a recent study has demonstrated the perivascular localization of malignant tumor cells along the celiac trunk in patients with pancreatic carcinoma, consistent with EVMM [10] .
Finally, the interaction of malignant cells with the abluminal surface of vessels may induce or sustain stem-like properties. Indeed, it has been suggested that blood vessels provide a niche that maintains stemness not only in normal organs, but also in cancer biology [11] . Cancer stem cells (or cells with stem cell and or embryonic properties) are a subset of cells responsible not only for the formation of tumors, but also for their inexorable progression. Studies of cancer stem cells are mainly focused on "cells within a tumor that possess the capacity to self-renew and to cause the heterogeneous lineages of cancer cells that comprise the tumor" [12, 13] . In addition, cancer stem cells are also able to migrate, however, current studies on migrating cancer stem cells are very limited, mainly due to the lack of specific markers to isolate migrating cancer stem cells [14] . Pertinent to the potential migratory stem cell properties of angiotropic MC are the origin of melanocytes from the neural crest [15] , and the strong analogies of EVMM with the migration of stem cells from the neural crest along the abluminal side of vessels during a part of their journey in the embryo [16, 17] . In addition, the pericytic location of angiotropic MC provides support for the mesenchymal stemness of this population of MC. Indeed, microvascular pericytes have long been considered to possess mesenchymal plasticity [18] [19] [20] . These cells can be efficiently expanded in vitro and demonstrate robust mesodermal developmental potentials, at the clonal level, by differentiating into osteogenic, chondrogenic, adipogenic, and myogenic lineages under suitable inductive conditions in vitro [21] . Their myogenic and osteogenic capacities were further displayed by transplantation into the muscle pocket of immunodeficient mice. It was then recently hypothesized that these cells are one of the developmental origins of MSCs [21] The objective of this pilot project was to investigate whether the interaction between the abluminal surface of EC and angiotropic MC could trigger the expression of specific genes, and whether some of these genes may be relevant to cancer progression, stem cell properties, cell migration and pericyte function. We have used a 3D in vitro culture model using human EC, melanoma cells and pericytes. Importantly, former studies using such 3D model cocultivating EC and MC, have demonstrated that over time MC were localized along the abluminal surface of the newly formed vascular tubules [7, 8] . In addition, time-lapse video microscopy has confirmed the migration of MC along the endothelial tubules [7] . Differential gene expression triggered specifically by the interaction between angiotropic MC and the vascular tubules has been investigated by microarray analysis. In addition, bioinformatics based data have been obtained through Ingenuity Pathways Analysis. Finally, immunostaining of human melanoma samples investigated the expression of the protein products of several of the overexpressed genes, as well as the presence of several pericytic/MSC markers by angiotropic MC.
Material and Methods

Ethics Statement
Samples were retrieved from the dermatopathology and surgical pathology files of the University of California, Los Angeles, consultation files of RLB and cases from Dr. Richard Scoyler, University of Sydney, Sydney, Australia. This study ("Study of melanoma cell interaction with the abluminal vascular surfaces by immunostaining in human melanocytic tumor samples") was approved by the Institutional Biomedical Research Ethics Committee at the University of California, Los Angeles, # 12-00-112). Written informed consent was obtained for the original human work that produced the tissue samples.
Cells
-EC were isolated from the umbilical vein vascular wall by a collagenase treatment, and cultivated with MCDB-131 complete media (VEC Technologies). -The C8161 GFP human MC line [22] was kindly provided by Dr. Danny Welch (The Kansas University Medical Center). This melanoma cell line is well known for its metastatic properties, its plasticity and its ability to form a vascular-like network ("vasculogenic mimicry") [23] . Therefore it was selected to test new forms of plasticity through its interaction with endothelial cells. -Pancreatic fetal pericytes were obtained as previously described [21] , according to the rules established by the relevant Ethics Committee. Pericytes were labeled with red fluorescent dye (PKH26 Red Fluorescent Cell Linker Kits for General Cell Membrane Labeling, SigmaAldrich) according to the manufacturer's instructions.
Cultures and Cocultures
EC are capable of aggregating in vitro to form endothelial tubules or capillary-like structures, which contain a lumen surrounded by EC attached to one another by junctional complexes [24] . In order to study the relationships of pericytes and/or MC with the endothelium, we used EC alone and in co-culture conditions.
Endothelial Tubule Model
Briefly, plates (24 wells) were coated with 200 μl of Basement Membrane Extract or BME (Cultrex® BME, reduced growth factors, Trevigen, Gaithersburg, MD, USA) and incubated at 37°C for 30 min to promote gelling. 90,000 human EC were added to each well. 
Statistical Analysis
All experiments were performed in quadruplicate for each of the observations. Each set of the data represents the mean±SE from three separate experiments. Statistical analysis was performed between the groups of data by an unpaired fisher's exact test. A P-value less than 0.05 was considered statistically significant.
Collection of Cells for Microarray Experiments
For microarray experiments, the following three culture conditions were used: EC alone, MC alone, coculture of EC and MC. Cells were collected after 6 h and processed with an RNeasy Mini Kit according to the manufacturer's instructions (Qiagen, Valencia CA, USA) in order to isolate total RNA. Four replicates of each condition were used.
Microarray Experiments
RNA was isolated by using MagNa Pure Compact System (Roche) according to the manufacturer's instructions. RNA integrity was evaluated using an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA) and purity/concentration were determined using a NanoDrop 8000
Spectrophotometer (Thermo Scientific, Wilminton, DE, USA). Agilent Human 8X60k gene expression array was used for microarray hybridization. Data were analyzed with Partek genomics Suite 6.6. A parametric test assuming variance unequal was performed. Gene expression triggered by the interaction between EC and MC was compared simultaneously to gene expression of EC alone and MC alone in the same culture conditions. Criteria for selecting significant genes were >=2-fold or >=1.5-fold, and p values<0.05. Genes meeting the criteria simultaneously were considered as significant changes.
Quantitative Real Time PCR Analyses QRT-PCR confirmation was performed using BioRad iTaq Fast Sybr Green Supermix kit (cat#: 172-5100) according to the manufacturer's instructions. The same RNAs for microarray hybridization were used for QRT-PCR confirmation. Applied Biosystems 7500 Real-Time PCR System was used for the analyses with the following primers:
ICAM1: Forward: GGA TTG CCG TCG GGC CAG TT; Reverse: AGG CCA CAC GTG GAG GTA TGC CCL2: Forward: GGC TCG CTC AGC CAG GTA AGG; Reverse: TGT GGT TGG GCT CAC CCC TTG T GAPDH was used as an internal control for normalization. The fold change was calculated using standard ΔΔCt method.
Western Blot MC and EC were cultivated together (50 % EC and 50 % MC) on plastic in order to get sufficient cells for western blot analysis. Cells were lysed in Laemmli buffer. Proteins were separated by SDS-PAGE, transferred to a nitrocellulose membrane (Amersham Biosciences), and stained with Ponceau S (SigmaAldrich, St. Louis, MO) to determine transfer efficiency. Membranes were blocked with 10 % low fat milk in PBS containing 0.1 % Tween 20 and probed with E-selectin goat antisera (1:1000; R & D Systems), and anti-ICAM rabbit antisera (1:1000; Cell Signaling). β-actin (1:5000; Sigma-Aldrich) expression was also probed to account for loading variability. Protein bands were visualized using the appropriate horseradish peroxidase (HRP)-labeled secondary antibody (Southern Biotechnology Associates, Birmingham, AL) followed by chemiluminescence (ECL; Amersham Biosciences). At least three independent experiments were performed with similar results.
Ingenuity Pathways Analysis
The differentially expressed genes were further characterized to identify enriched pathways, functional groups and networks by using Ingenuity Pathway Analysis software (IPA, Ingenuity® Systems, www.ingenuity.com), in parallel with the use of Genomic databases (Gene) and published work from the scientific literature. A differentially expressed gene list containing gene identifiers and corresponding fold changes was first uploaded as an Excel spreadsheet into the software. Each gene identifier was mapped to its corresponding gene object in the Ingenuity Pathways Knowledge Base (IPKB). These genes were then used as the starting point for generating biological networks.
Flow Cytometry
Flow cytometric immunophenotyping was performed on the cultured C8161MC. Cultured C8161 were detached from the tissue culture plate by treatment with trypsin. Cells were washed with PBS, centrifuged and 5×10 5 cells were resuspended in blocking solution (PBS, 0.1 % BSA, 1× IgG). Cells were then incubated for 20 min at 4°C with the following mouse anti-human monoclonal antibodies: anti-CD146 FITC (AbD Serotec), anti-CD44 PE (BD Bioscience), anti-CD105 PE (BD Bioscience), anti-CD73 PEcy-7 (BD Bioscience). Unstained cells were used as negative controls.
Immunohistochemistry of Human Melanoma Samples
Formalin-fixed-paraffin-embedded (FFPE) 5-μm sections from nine cases of primary cutaneous human melanoma and one cutaneous melanoma metastasis were de-paraffinized and stained with the anti-human antibodies mentioned below according to the manufacturer's instructions: a) Antibodies were obtained against the gene products of three genes overexpressed in our microarray results: ICAM-1 
Morphological findings
The histomorphological criteria for angiotropism [4] were defined as follows: (1) clearly recognisable melanoma cells closely apposed to (cuffing) the abluminal surfaces of the endothelium of microvascular channels, either in linear array or in aggregates, and (2) the absence of intravascular tumor aggregates.
Results
Cultures and Coculture on BME Fifteen minutes after having plated cells on the BME, EC, pericytes and MC were randomly attached to BME throughout the well in all culture conditions. MC and pericytes were easily recognized by, respectively, the green GFP fluorescence and the fluorescent red dye (Fig. 1) . After 6 h, EC cultivated alone had formed classical vascular tubules in vitro; pericytes cultivated alone retained a rounded shape and had not spread on the BME; and MC cultivated alone were elongated and displayed "vascular mimicry", i.e., forming structures mimicking endothelial channels [23] (Fig. 1a) .
EC and red fluorescent pericytes cultivated together gave rise to pericytes spreading along vascular tubules (data not shown). MC cocultivated with EC demonstrated "pericytic mimicry", i.e., MC spreading along the abluminal surfaces of the endothelial tubules, in a pericytic location (Fig. 1b) . The culture of the three cell types together (EC, pericytes and MC), showed that both pericytes and MC were elongated along the external surface of the endothelial tubules ( Fig. 1c and d) .
After 6 h in the cocultures assays, 88 % of pericytes and 98 % of MC were spreading along the vascular tubules in the coculture conditions (two-tailed P value<0.0001).
Microarray Analysis
The principal component analysis (PCA) demonstrated that the three cell populations from the three culture conditions MC alone, EC alone and the coculture of MC and EC resulted in three distinct groups in 3D space (Fig. 2a) , indicating that these three groups have different gene expression profiles. As expected, the group representing the cocultured population (EC+MC) was observed between the two other groups which consisted of the cells cultivated alone (EC and MC).
The three most overexpressed genes (over 2 fold) were SELE, ICAM1 and CCL2. One gene, CFDP1, was shown to be underexpressed more than two fold. When considering the genes differentially expressed over 1.5 fold, 11 additional genes were overexpressed, while 14 additional genes were underexpressed. Results are summarized in Tables 1 and 2 pathway: TGFb/NODAL, PI3K, SMAD and EDG (complete pathway not shown).
Western Blot
Protein bands showed clearly that SELE and ICAM1 were significantly more expressed when MC and EC were cultivated together than MC and EC alone (Fig. 2b) .
QRT-PCR Confirmation
To confirm the reliability of the results derived from the microarray data, we selected two representative genes (ICAM1 and CCL2) and performed QRT-PCR analyses using the same RNA source as the microarray analysis. The QRT-PCR data showed that these genes were up-regulated in the coculture of EC with MC, compared to EC or MC cultivated alone ( Fig. 4c-d) , which is consistent with our microarray data.
Flow Cytometry of C8161 Human Melanoma Cells MC homogeneously expressed the pericyte/MSC surface markers CD146, CD44, CD105 and CD73 (Fig. 4c) .
Immunohistochemistry
Antibodies directed against CCL2 and ICAM1 ( Fig. 5a and b) demonstrated diffuse expression by the melanoma cells, while SELE was not expressed. PDGFRB was specifically and strongly expressed by angiotropic melanoma cells at the advancing front and/or in the main tumor mass in two primary melanomas and in the cutaneous metastasis ( Fig. 5c and d) . In six of seven primary melanomas, PDGFRB was expressed by angiotropic MC and also multifocally by MC in the main tumor mass. CD146 was strongly expressed by angiotropic MC, and also diffusely expressed by the main melanoma tumor mass (Fig. 5e and f) . NG2 demonstrated weak expression by both angiotropic and non-angiotropic melanoma cells (data not shown). These three pericytic/MSC markers were all expressed by pericytes in the various tissue sections (Fig. 5e ).
Discussion
To our knowledge, this pilot study is the first attempt to define gene expression triggered specifically by the association between MC and the abluminal surface of endothelial tubules in vitro. The 3D model of endothelial tubules (EC cultured alone on BME/Matrigel), is recognized as a reliable model of angiogenesis [25] . Notably EC exhibit a normal polarization [24] . In addition, the use of this model with MC has previously demonstrated the migration of MC along the endothelial tubules [7] . In the present study, we showed that (i) MC and pericytes alike are disposed in a similar angiotropic location along the abluminal surfaces of vascular tubules in vitro; and (ii) interaction between MC and EC triggers novel differential gene expression when compared to MC alone and EC alone. Interestingly, from the coculture of EC and MC versus simultaneously MC alone and EC alone, 17 genes from the 27 known differentially expressed genes were linked to migratory and/or embryonic/cancer stem cell properties: nine overexpressed genes: CCL2, ICAM1, SELE, IL6, TRAF1, SERPINB2, CXCL6, PDGFB and EVX1, and eight underexpressed genes: CFDP1, BLID, RGNEF, MALT1, RANBP9, UPF1, PLAA and ZXDC. More specifically, these genes have demonstrated properties linked to (i) cancer cell migration: CCL2 [26, 27] , ICAM1 [28] , IL6 [29] , RGNEF [30] and RANBP9 [31] ; (ii) cancer progression and metastasis: CCL2 [26, 27, 32] , ICAM1 [33, 34] , SELE [35, 36] , TRAF1 [37] , IL6 [29] , SERPINB2 [38] , CXCL6 [39] , BLID [40] , MALT1 [41] , UPF1 [42] , PLAA [43] , RGNEF [44] , ZXDC [45] ; (iii) EMT: CCL2 [46] and IL6 [29] ; and (iv) embryonic and/or cancer stem cell properties: CCL2 [46] [47] [48] , PDGFB [49] , EVX1 [50] , CFDP1 [51] and RANBP9 [52] . Furthermore, the 15 most significantly enriched functional groups analyzed by IPA included: development, cell movement, cancer, and embryonic development. In addition, from the microarray analysis of EC+MC versus MC, several differentially expressed genes were highlighted in the human embryonic stem cell pluripotency pathway, including TGFb/NODAL, PI3K, SMAD, and EDG which is directly implicated in self-renewal in this pathway. These data may indicate that the interaction between angiotropic MC and EC induce differential expression of genes linked to cancer migration and embryonic/stem cell properties. The microarray data have been confirmed by RT-PCR, whereas immunostaining was positive for ICAM1 and CCL2 in human melanoma samples.
Relevant to "pericytic mimicry" of angiotropic MC was the overexpression of PDGFB during the coculture of EC and MC. The ligand/receptor pair platelet-derived growth factor β (PDGFB/PDGFRB) is essential for pericyte recruitment [53] . Pericytes express PDGFRB, and in normal angiogenesis, the recruitment of pericytes will stabilize neovessels [53] . MC are known to be able to express this same receptor [54] , and in the present study, PDGFRB was specifically expressed by angiotropic MC in several human samples. Cancer stem cells are more resistant to therapy, and interestingly resistance to (V600E) B-RAF kinase inhibitor has been shown to be caused in part by MC upregulating PDGFRB [55] .
Two other markers of pericytes/MSC, CD146 and NG2 [21] , were expressed by MC, including angiotropic MC, but where not specific of angiotropism in the examined samples. Finally, flow cytometry demonstrated the expression of four other pericytic markers. It is then conceivable that some invasive MC acquire pericytic/MSC properties and compete with pericytes for the abluminal vascular surfaces [4] .
Other markers of melanoma stem cells have been described, such as ABCB5 [56] and NGFR/CD271 [57] , which were not differentially expressed in the present microarray analysis. In fact, the discrepancy between different data from the literature on melanoma stem cell markers may be linked to tumor plasticity [11, [58] [59] [60] . According to the tumor environment, stem/embryonic properties of cancer cells may include self-renewal, differentiation and migration [11, 13] . In addition, other forms of cancer plasticity have been described, especially "vascular mimicry", which may be induced by hypoxia and be responsible for an alternative perfusion pathway [24] . The present study provides arguments in favor of "pericytic mimicry" as another form of cancer plasticity. Indeed, we observed a switch between (i) "vascular mimicry", when melanoma cells were cultivated alone, and (ii) "pericytic mimicry" when the same MC were cultivated with EC. Such "pericytic mimicry" may be related to migration along the abluminal side of vessels via several cell migration mechanisms, including mesenchymal and embryonic mechanisms [53, 60, 61] , potentially recapitulating embryonic migration.
Importantly the data from this pilot study have been obtained with only one MC line and with HUVEC as EC. Additional studies using other MC lines and other EC are needed to provide further molecular information about the interactions between melanoma cells and vessels, and to determine the origin of the differential gene expression (MC, EC, or both). Taken together, these preliminary data support the concept of "pericytic mimicry" by angiotropic MC, and suggest that the interaction between MC and the abluminal vascular surface induces differential expression of genes linked to cancer migration and embryonic/stem cell properties. These propositions require additional data.
